Summary There is increasing interest in the use of microspheres, loaded with chemotherapeutic agents, for regional therapy to hepatic metastases. It is necessary to deliver these particles predominately to tumour rather than to normal liver. This study investigates factors influencing the distribution of regionally injected microspheres. Discreet tumour was induced in rats by subcapsular hepatic inoculations of HSN cells. At 20 days, 12.5 ftm, 25 pm or 40 pm diameter, radiolabelled albumin microspheres were administered, in various concentrations, via the gastroduodenal artery. Tumour to normal liver microsphere distribution ratios were determined and median values ranged from 0.1 (0.2mg ml-' 12.5 #Lm microspheres) to 1.8 (20mg ml 40 pm microspheres). Concentrated suspensions (20 mg ml-') of large microspheres (40 gm) produced the most favourable tumour to normal liver distribution ratios. These results not ony have implications for the therapeutic administration of microspheres but also for their use in blood-flow studies.
In view of the generally disappointing results which have been reported with systemic therapy for colorectal liver metastases, interest has been stimulated in the concept of regional treatment. Several types of embolic particle, such as radioactive glass microspheres (Herba et al., 1988) and drugloaded microcapsules and microspheres (Kato et al., 1981; McArdle et al., 1988) , have been administered, via hepatic artery catheters, with encouraging effects.
It is desirable to delivery these particles predominately to tumour, rather than normal tissues, thereby achieving maximum efficacy and minimum toxicity. Previous studies have assumed that particles, administered via the hepatic artery, are distributed in proportion to the relative arterial blood flow to the normal liver and the hepatic metastases. Furthermore, the distribution of regionally administered radiolabelled macroaggregated albumin has been employed to assess blood flow in tumour relative to flow in normal liver (Daly et al., 1985) . However, the assumption that all embolising particles are distributed in proportion to blood flow has not been tested. Variations in size, shape, composition and concentration of microspheres or microcapsules might influence their distribution.
The aim of the present study was to investigate the effects of microsphere diameter and concentration on the proportions of a regionally administered albumin microsphere bolus reaching normal liver and hepatic tumour.
Materials and methods

Animal model
Male, Hooded-Lister rats, weighting 150-200 g, received an intraperitoneal pentobarbitone (60 mg kg-') general anesthetic. Through a short, midline incision, the liver was inoculated subcapsularly with 106 HSN sarcoma cells into the median and the left lobes (one inoculation per lobe). The HSN sarcoma was originally induced in a male Hooded rat with 3-4-benzyprene (Currie & Gage, 1973) . All subsequent experiments were undertaken at 20 days when macroscopic tumour, which was hypovascular relative to normal liver (Hemingway et al., 1991) was present. Tumour blood flow is entirely arterial with no portal venous component (unpublished 
data).
Microsphere preparation Microspheres were prepared as previously described (Willmott et al., 1985) . Briefly, human serum albumin (190 mg) was added to 1O mg 125I iodinated albumin (1 mCi) (Amersham International) and dissolved in 1 mM phosphate buffer containing 0.1% sodium dodecyl sulphate (0.4 ml) then diluted with water (0.5 ml). The (Willmott et al., 1989) .
Smaller diameter particles were avoided since they would be expected to pass through the hepatic capillary bed and into the systemic circulation. More dilute suspensions were not used since these would result in insufficient radioactivity in tissue samples to allow accurate measurement in the gamma counter.
Regional administration of microspheres Under intraperitoneal pentobarbitone general anaesthetic, a polythene cannula was inserted into the gastroduodenal artery and held with a silk ligature so that its tip lay just distal to its origin from the hepatic artery. Flow in the hepatic artery was observed not to be obstructed by the cannula. Radiolabelled, albumin microspheres were suspended with a rotamixer for 1 min than a 50 pl aliquot of this suspension was drawn up into a 100 ll HPLC syringe and injected via the cannula into the hepatic artery over 20s.
Groups of six animals received each microsphere size/concentration combination as shown in Table I . Five minutes after microsphere injection, the rat was humanely killed. Liver, lungs, spleen, stomach, kidneys and intestines were removed and the normal liver and tumour were weighed. The HPLC syringe was flushed into a counting vial.
Assessment of microsphere distribution Radioactivity in excised organs, syringe washings and the gastroduodenal artery cannula was measured in a gamma well counter (Packard 500C). Entire organs were counted. The percentage of microspheres entering the animal (%a) was calcuated using the following equation: /a total activity in organs x 100 o total activity in organs, syringe and catheter The percentage of microspheres entering the animal and embolising in the liver (%b) was expressed as: %b = total activity in liver x 100 total activity in liver, stomach, bowel, spleen, kidney and lung Experiments where excessive numbers of microspheres had either failed to enter the animal or had flowed retrogradely in the hepatic artery were rejected.
Shunting of microspheres to the pulmonary circulation through the hepatic vascular bed (%c) was calculated from the equation: %c _ total activity in lungs x 100 %c total activity in liver and lungs
The relative number of microspheres per gram of tissue in tumour and normal liver (T/N ratio) was calculated from the amount of radioactivity in each sample.
Statistical analysis
The effects of microsphere concentration and size on the T/N ratio and percent hepatic microsphere entrapment were studied using the Kruskal-Wallis test. The effect of tumour weight on T/N ratio was studied using linear regression analysis. A P value of 0.05 or less was considered significant. T/N ratios T/N ratios for the various experimental groups are shown in Table I and Figure 1 . For each size of microspheres, the T/N ratio varied significantly with concentration (Kruskal-Wallis; P=0.013, P=0.0009, P=0.004 for 12.5, 25 and 40 im respectively), with the median T/N ratio increasing with concentration in each instance. The effect on T/N ratios of varying the diameter of the microspheres at a fixed concentration was significant only at the highest concentration (Kruskal-Wallis, P = 0.1 1, P = 0.81, P = 0.004 for 0.2, 2 and 20mg ml' respectively). Figure 2 shows the relationship between T/N ratios and total tumour weight for three concentrations of microspheres. Different diameters are not distinguished for clarity and because the influence of diameter on T/N ratios was relatively weak. Combining all groups, there is a weak but statistically significant negative correlation between T/N ratio and tumour weight (r = -0.36, P <0.01). Despite the fact that animals receiving the most concentrated microspheres tended to have lower tumour weights than those receiving the most dilute suspension, the effect of concentration on T/N ratio is not purely due to imblance between groups with respect to tumour weight. Similarly, it is clear that the effect of microsphere diameter on T/N ratio at the 20 mg ml' concentration cannot be explained by tumour weight variation (Table I) .
Results
Liver metastases model
Discussion
Precise knowledge of the distribution of regionally administered embolic particles is required for two reasons. First, it is desirable to optimise the proportion of a given dose of therapeutic microspheres which lodges in tumour rather than normal tissue. Maximum treatment efficacy can therefore be expected with minimum toxicity. For example, Meade and co-authors (1987) studied the distribution of microspheres which were injected into the rat's ascending aorta and recommended that 32.5 jim was the optimum diameter for regionally administered therapeutic radioactive microspheres.
Secondly, the validity of perfusion studies for assessing tumour blood flow must be verified; particularly if management decisions are to be based on the results of such inves- Tumour weight (g) Figure 2 Relationship between T/N ratio and tumour weight.
tigations. Several studies have shown that patients with hypervascular liver metastases have an improved response to regional chemotherapy compared to those with hypovascular tumours (Kim et al., 1977; Kaplan et al., 1980; Daly et al., 1985; Civalleri et al., 1989) . Daly and co-authors (1985) have suggested that selection of colorectal hepatic metastases patients for regional chemotherapy might be guided by the results of '"Tc-MAA perfusion studies. It is therefore important to establish whether the results of such investigations actually correspond with the subsequent distribution of regionally administered therapeutic agents. Previous studies of the distribution of various sizes of microspheres have used injection via the ascending aorta (Meade et al., 1987) . However, targetted therapy utilises administration of microspheres via the hepatic artery and we therefore employed this route of delivery in the present study.
There were consistent differences in T/N ratio across the range of concentrations for all microsphere sizes and across the range of sizes for the 20 mg ml-' concentration.
The reasons for the observed differences in T/N ratios are not understood at present. We do not know whether the distribution of large, concentrated or small, dilute microspheres more accurately reflects hepatic arterial flow but it would be natural to expect the latter to produce the least disturbance in pre-existing haemodynamic conditions. It is possible, however, that the T/N ratios for small dilute microspheres underestimate the true blood flow ratio because of the plasma skimming effect. Some human hepatic perfusion studies have employed 2.5 mg of 9'Tc labelled albumin microspheres (23-45 ,Lm diameter) in a concentration of 1.25 mg ml-': roughly equivalent to the dilute suspensions in the animal model in the present study (Goldberg et al., 1987) . The flow disturbance following administration of concentrated microspheres could be likened to the effects of degradable starch microspheres. Dynamic flow scintigraphic studies have revealed flow dislocation from areas of high resting flow to those with low resting flow following administration of 45-90 x 106 of these 40 pm particles in a volume of 50 ml (Civalleri et al., 1989) . Microspheres which are administered early in a concentrated infusion might tend to go to high flow areas resulting in embolisation which leads to distribution of the latter portion of microspheres to relatively hypovascular areas. A comparision of regional microsphere distribution with other methods of liver blood flow assessment, for example the reference microsphere technique (Malik et al., 1976) , might clarify this issue. Vascularity has been demonstrated to vary with tumour size (Ackerman, 1974) . Higher T/N ratios are associated with smaller tumours and larger tumours tend to become avascular in their core. However, in the present study there was no evidence that observed differences in T/N ratios between experimental groups could be entirely accounted for by differences in tumour size between groups.
Large, concentrated microspheres produced the highest T/ N ratios. Could larger particles in more concentrated suspensions give even better ratios? Unfortunately, this question could not be answered since we were unable to administer larger (50 pm) or more concentrated (40 mg ml-') microspheres in the present study because of the narrow diameter of the gastroduodenal artery in this animal model.
Enhancement of the T/N ratio may be achieved with druginduced modification of liver blood flow. Vasoconstrictors have similar effects to those proposed for starch microspheres in that they redistribute flow away from parenchymal vessels therefore creating pooling in the lacunar circulation of the tumour vasculature. A vasoactive agent, such as angiotensin II, may be used to induce vasoconstriction in normal liver whilst tumour vessels, which lack smooth muscle, remain dilated. Therefore microspheres which are administered after angiotensin II are targetted to tumour (Goldberg et al., 1987) . It remains to be seen whether the optimum T/N ratio achieved with the large, concentrated microspheres can be potentiated with vasoactive agents.
In conclusion, large, concentrated microspheres are associated with relatively high T/N ratios. Therefore, delivery of a concentrated suspension of large microspheres with a relatively low drug pay load might be desirable for regional therapy. Furthermore, hepatic arterial perfusion studies should be interpreted with caution. If therapy is to be guided by the results of such studies, the materials used for perfusion scans should resemble those that are to be used for treatment as closely as possible. Further studies should investigate the relationship between regional microsphere administration and blood flow.
